The history and potential of abdominal pressure as an adjunct to standard cardiopulmonary resuscitation (CPR) is reviewed. Abdominal pressure during CPR may be either static or phasic. Static abdominal pressure redirects limited blood flow generated by chest compressions toward the heart and brain, and away from the abdominal organs and lower extremities, thus boosting coronary perfusion pressure. Phasic abdominal pressure applied whenever chest pressure is released, in counterpoint to the rhythm of chest compression-so called interposed abdominal compression (IAC)-CPR-generates blood flow by an independent abdominal pump mechanism that augments the systemic perfusion created by chest compressions. New imaging data are presented in the form of cardiac angiograms during CPR in anesthetized dogs, illustrating the effects of interposed abdominal compressions added to otherwise standard CPR. The benefits vs. risks of IAC-CPR are discussed.
INTRODUCTION
Three themes have dominated the history of abdominal compression during resuscitation from cardiac arrest. The first is the desirability of increasing peripheral resistance to non-vital organs, so that available blood flow can be directed toward the heart and the brain. The second is the possibility of augmenting venous return and preventing peripheral venous pooling by applying physical pressure of some sort to the lower portion of the body. The third is the danger that fatal hepatic trauma may occur if abdominal compression moves the liver beneath the sternum while chest compression is being applied. These considerations are the crucial factors in the benefitrisk equation for abdominal compression during cardiopulmonary resuscitation (CPR), and a considerable body of literature already exists that deals with their relative importance. Historically and practically, there have been two distinct approaches to abdominal pressurization during cardiac arrest and resuscitation. The first is that of sustained abdominal compression, which can be thought of as a noninvasive analog of cross-clamping of the aorta. The second is pulsed abdominal compression, which can be thought of as a non-invasive analog of intra-aortic (and intracaval) balloon pumping.
SUSTAINED ABDOMINAL COMPRESSION DURING CPR
Crile and Dolley, in 1906, noted the importance in cardiac resuscitation of securing a coronary artery pressure of at least 30 to 40 mm Hg, and advocated the use of a pneumatic pressure suit over the legs and abdomen, as well as epinephrine, to increase peripheral resistance and to prevent peripheral pooling of venous blood [12] . In 1914, Crile wrote in his book Anemia and Resuscitation: [22] The author was able, personally, to produce on a recently deceased person, a total circulation which caused a pulse in the radial artery and bleeding of the peripheral vessels. Even a measurable blood pressure (registered by a sphygmomanometer) could be recorded through the combined effect of a tightly blown up rubber suit, which covered the lower extremities and the abdomen and the strong, rhythmical pressure through the hands, placed broadly on both sides of the thorax.
Shortly after the rediscovery of closed-chest cardiac massage by Kouwenhoven and colleagues in the late 1950s [18] , Birch and coworkers studied dogs and baboons as animal models for CPR [6] . They produced ventricular fibrillation with transchest electric shock, and performed mechanical CPR with a pneumatic piston device. In one of the animals they exerted sustained abdominal pressure manually during chest compression, to "augment venous return." This animal at necropsy had liver rupture. A similar result was obtained in a second animal.
In 1967, Harris and associates studied a variety of interventions to improve closed-chest CPR, including continuous manual compression of the upper abdomen during CPR, in dogs with electrically induced ventricular fibrillation [15] . These studies were conducted with a Beck-Rand sternal compressor and fixed tidal volume ventilation (15 ml/kg) interposed after every fourth sternal compression. Carotid flows consistently increased by a factor of 1.5 to 2 when sustained upper abdominal compression was added to otherwise conventional CPR in six dogs. However, they also found liver lacerations at necropsy in two of the six dogs, and so did not recommend sustained manual compression of the upper abdomen as an adjunct to CPR in clinical practice.
However, in 1971, Redding reinvestigated the benefit-risk of static abdominal binding in CPR in a study involving 145 dogs [25] . He demonstrated improved carotid artery flow and survival in experimental CPR with continuous abdominal compression by means of a blood pressure cuff secured around the mid-abdomen, and inflated to 150 to 200 mm Hg. Redding's model of cardiac arrest was produced by occlusion of the endotracheal tube for 6 to 9 minutes until blood pressure pulses ceased. Then, standard or experimental CPR was performed until pulsatile blood pressure returned or until 20 minutes had elapsed. Surviving animals were recovered from anesthesia and observed for 24 hours. Redding observed with absolute consistency that if aortic diastolic pressure during CPR could be raised above 40 mm Hg, pulsatile blood pressure could be restored. Standard CPR was effective in producing aortic diastolic pressure of 40 mm Hg or greater in only a few dogs, and in these animals spontaneous circulation returned. On the other hand, CPR augmented either by the drug methoxamine (a vasoconstrictor) or by abdominal binding usually led to aortic diastolic pressures above 40 mm Hg and to return of pulsatile blood pressure. Continuous abdominal binding in Redding's studies produced, on the average, 34 mm Hg greater aortic diastolic pressure than did standard CPR. In this study, Redding observed no greater incidence of liver damage during CPR with continuous abdominal binding than in similarly resuscitated animals without abdominal binding.
Redding's work is particularly important because the endpoint measured--survival--is the one of paramount clinical interest. In dogs receiving standard CPR for 20 minutes or less after asphyxic cardiac arrest, three of 15 animals resumed spontaneous circulation, and one of the 15 survived for 24 hours. However, in dogs receiving CPR with abdominal binding for 20 minutes or less after asphyxic cardiac arrest, 14 of 15 animals resumed spontaneous circulation, and nine survived for 24 hours. Subsequent studies with abdominal compression at 100, 150, and 200 mm Hg, and with the combination of abdominal compression and methoxamine, in 40 additional animals were consistent with these favorable results. These survival data reflect the effects of both increased benefits and increased risks of static abdominal binding during CPR, and quite clearly suggest that the benefits outweigh the risks.
More recently, Bircher and colleagues reported a preliminary study of experimental CPR in dogs in which a pediatric MAST suit was continuously inflated around the legs and abdomen for 10-minute periods, alternating with 10-minute control periods [7] . The results of this study were presented in September, 1979, and published in 1980. They found "no major complications attributable to the MAST, particularly no major lacerations of the liver" in 12 dogs receiving this treatment, which did increase diastolic arterial pressure and carotid artery flow nearly twofold. However, in a subsequent study, presented in June, 1980 [8] , the authors repeated experiments with MAST trousers in another six dogs in order to observe the ease of restoration of spontaneous circulation and neurologic recovery thereafter. After 5 minutes of standard CPR, a pediatric MAST suit was inflated to 90 mm Hg and CPR was continued for 30 minutes. There was a doubling of carotid artery blood flow. However, there was also significant arterial hypoxemia and hypercarbia in this group compared with control animals receiving standard CPR, indicating gross intrapulmonic shunting in the MAST-CPR group. The authors attributed blood gas deterioration to restriction of ventilation by the MAST suit, which was used in conjunction with the constant pressure ventilation system (a Michigan Instruments Thumper): Strikingly, all dogs in the MAST-CPR group had ruptured livers with hemorrhage into the peritoneal cavity, whereas there were no such injuries in seven dogs in the standard CPR group. In comparing their two studies, Bircher and coworkers concluded that "the mechanism of hepatic damage and hypoventilation may be the splinting of the liver immediately beneath the lower sternum."
In contrast, Chandra and Rudikoff and their coworkers at Johns Hopkins reported several CPR studies using sustained abdominal binding in animals and in humans that suggest that elevated blood pressures and flows can be achieved without liver damage [9, 27] . In a series of 15 dogs, they found that tightly binding the abdomen over an inflatable bladder with adhesive tape from the xyphoid to the iliac crest increased aortic systolic pressure from 28 to 57 mm Hg and carotid blood flow from 14 to 32 ml/min [27] . Carotid flow increased in 13 of the 15 dogs after abdominal binding, and there was no evidence of liver injury with mechanically controlled chest compression and abdominal binding in any of the 15 animals [27] . In Chandra's human studies [9] , radial artery blood pressure was measured during brief (30-to 60-second) periods of abdominal binding in 10 patients experiencing cardiac arrest and standard CPR applied with a mechanical device. The abdomen was bound with an inflatable 30 -cm square bladder that was positioned anteriorly on the patient's abdomen, extending from the lower ribs to the anterior superior iliac spine, held in place by a large strap, and inflated to approximately 100 mm Hg. Abdominal binding increased diastolic radial artery pressure from 35 to 50 mm Hg on the average. In six patients who underwent abdominal binding for longer periods (in excess of 4 minutes), higher arterial pressure persisted for the duration of abdominal binding. One of these six patients was successfully resuscitated, but died 24 hours later. None of the six patients showed evidence of abdominal visceral injury at autopsy. Specifically, no liver rupture was seen.
The issue of liver laceration is obviously crucial in any discussion of the overall benefit-risk of static abdominal compression in CPR. All published investigations report hemodynamic benefit of the procedure for several minutes or more. However, there is disagreement about the likelihood of liver damage and intra-peritoneal hemorrhage of such severity as to make successful resuscitation impossible. The weight of evidence, summarized in Table 1 , is consistent with the hypothesis that liver rupture can be avoided with proper technique. One especially attractive means of securing the hemodynamic benefits of abdominal pressurization, while maintaining the low risk of liver trauma of standard CPR, is to compress the abdomen only during the diastolic phase of chest compression. This dynamic technique of interposed abdominal compression is under active investigation in several laboratories and clinical arenas and appears to offer a means of securing significant hemodynamic benefits without significant risk of liver trauma. 
ABDOMINAL COUNTERPULSATION DURING CPR
Abdominal counterpulsation denotes the addition of interposed abdominal compressions to standard CPR (IAC-CPR). CPR is performed exactly as recommended in current American Heart Association standards [28] , and in addition the abdomen is compressed alternately or reciprocally as chest compression is released. Zero or near-zero pressure is applied to the abdomen during chest compression, so that the liver is not splinted and trapped beneath the rib cage, as may occur with continuous abdominal compression or binding, but rather is free to move in response to trans-diaphragmatic pressure gradients. In the field or in the hospital, this technique of abdominal counterpulsation necessarily would require the services of an additional rescuer--a total of two or three rescuers, as illustrated in Figure 1 . The method of abdominal counterpulsation, or IAC-CPR, has been discovered independently by several research teams. The neglected report of Ohomoto and coworkers, at Tokyo Women's Medical College in 1976 [21] , described an arrangement of two mechanical pistons, one that compressed the chest and another that compressed the abdomen. They termed the technique "countermassage" and found in preliminary studies that phased abdominal compression for 80% of the cycle time and chest compression for 25% of the cycle time appeared to improve carotid flow, mean aortic pressure, and short-term survival in anesthetized dogs with ventricular fibrillation. Rosborough and coworkers, in Houston, Texas [26] , while attempting to develop an animal model of cough-CPR [13] , combined simultaneous high-pressure lung inflation with abdominal compression. They found to their surprise that abdominal compression and ventilation alone could maintain carotid flow and aortic blood pressure during ventricular fibrillation in dogs, and they suggested the technique as a new CPR modality.
In our laboratory, the method was first demonstrated by Ralston serendipitously during a difficult resuscitation of a dog [24] (Fig. 2) . In a subsequent controlled study, we compared blood pressures and flow during IAC-CPR with those generated by standard CPR in the same animal. Cardiac output during alternate 3-minute trials of the two techniques was measured in pentobarbital-anesthetized dogs during electrically induced ventricular fibrillation, using a modified indicator dilution technique adapted to the low-flow conditions of CPR [29] . Ventricular fibrillation was induced electrically in 10 anesthetized dogs, and either IAC-CPR or standard CPR was initiated, while arterial and venous blood pressures and cardiac output were monitored. In this first study ventilation was provided by the controlled pressure ventilator of the Thumper. The two CPR methods were alternated every 3 minutes over a period of 30 minutes. IAC-CPR was performed by manual compression of the mid-abdomen with a standard 12-cm width blood pressure cuff, folded to rectangular dimensions of 12 x 15 cm and inflated with air to a thickness of 3 cm. The bladder of the cuff was attached to a transducer in order to monitor pressure applied to the abdomen.
During the release phase of chest compression, manual pressure was applied to the abdomen in such a way as to generate pressure pulses of 120 to 150 mm Hg. The position of the hands for abdominal compression was similar to that used in basic CPR for manual chest compression, except that the fingers were spread to provide a larger surface area of compression, approximately equal to that of the flattened blood pressure cuff. The duty cycle of abdominal compression was exactly complementary to that of chest compression-that is, 50% of the cycle time. The addition of interposed abdominal compression to standard CPR significantly improved arterial pressures and perfusion. Figure 3 shows mean cardiac output and diastolic arteriovenous pressure differences for the animals in this study. The latter is particularly important, in our view, for promoting coronary flow and return of circulation after prolonged resuscitation. 
STD-CPR 4 sec STD-CPR 13 sec IAC-CPR 13 sec IAC-CPR 4 sec
In a further study, we measured oxygen consumption in dogs with ventricular fibrillation, supported by either standard CPR or IAC-CPR. Oxygen delivery during CPR was measured by a spirometer in a closed system for positive pressure ventilation, slaved to the timing circuit of a Thumper mechanical chest compressor. Gas withdrawn from a spirometer bell into a bellows was used to ventilate the animal with a constant tidal volume. In effect, therefore, this study was performed with a volume-controlled ventilator. Special valves were included in the circuit to protect the spirometer bell from positive pressure during lung inflation. Ventricular fibrillation was induced electrically in 10 anesthetized dogs, and either IAC-CPR or standard CPR was initiated, while arterial and right ventricular blood pressures and oxygen consumption were monitored. The two CPR methods were alternated every 3 minutes over a period of 30 minutes. Figure 5 shows a graphic record from an animal in this series. The two top tracings indicate spirometer volume. The second channel is the spirometer volume electronically filtered to damp out oscillations. The overall slopes of the upper two channels indicate oxygen uptake. After abdominal counterpulsation was added to standard CPR, brachial artery pressure and oxygen uptake improved significantly. At about the same time, Coletti and coworkers in New York were studying the influence of abdominal counterpulsation on cerebral and coronary blood flow in a canine model of cardiogenic shock [10, 11] . They found that when manual abdominal compressions were interposed between heartbeats, as judged from the electrocardiograph trace, both cerebral and coronary perfusion, measured with implanted electromagnetic flow meters, increased. Walker and co-workers in Detroit studied perfusion of the cerebral cortex during IAC-CPR versus standard CPR in a canine model [31] . They used both manual chest and manual abdominal compression in large supine dogs in which cardiac arrest was produced by intravenous potassium chloride. The chest compression was done in a side-to-side manner, as is accepted practice in veterinary medicine [22] . They found that cerebral cortical blood flow, measured with a thermal washout method [16] immediately after beginning CPR, averaged 0.06 ml/min/g in animals receiving chest compression alone and 0.27 ml/min/g in animals receiving chest compressions with IAC. Voorhees and associates, using the radioactive microsphere technique in dogs with ventricular fibrillation, found cerebral pe1fusion of 0.28 ml/min/g with IAC-CPR [30] , a value significantly greater than that during standard CPR and nearly identical to that reported by Walker and colleagues. These values obtained with IAC-CPR represent approximately 30% to 50% of pre-arrest cerebral perfusion in dogs under anesthesia.
These animal studies suggesting the value of interposed abdominal compressions as an adjunct to CPR have been confirmed in an electrical model of the circulation by Babbs and coworkers [2, 3] . We modeled the heart and blood vessels as resistive-capacitive networks, pressures as voltages, blood flow as electrical current, blood inertia as inductance, and the cardiac and venous valves as diodes. Pressurization of the chest and abdomen, as would occur in CPR, was simulated by application of half-sinusoidal voltage pulses, between vascular capacitances and ground. The model was typically arranged to simulate thoracic pump CPR [1] , in which blood is impelled by compression of all intrathoracic vascular structures. Interposed abdominal compressions added to chest compression in this model produced flow augmentation, according to the expression:
where P th = peak intrathoracic pressure, P a = peak abdominal pressure, and  and  are constants ( > ). Interposed abdominal compressions enhanced simulated blood flow to the heart and brain, as well as total flow, in the electrical model. The degree of flow augmentation depended on both the abdominal pressure applied and the peripheral vascular resistance. Simulated IAC-CPR with high peripheral resistance values in this model generated current flow to the head and neck corresponding to a blood flow roughly 70% of normal, the highest value obtained in any simulation [2] .
Stimulated by these encouraging laboratory findings, clinical studies of IAC-CPR are now under way at several centers. Berryman and Phillips have reported improved mean arterial pressure during periods of abdominal counterpulsation in patients resuscitated in the emergency department [5] . Howard and coworkers have found that the addition of interposed abdominal compressions to otherwise standard CPR significantly improved arteriovenous pressures in a small population of 12 patients with witnessed cardiac arrest who were promptly brought to the hospital [17] . Stueven and coworkers in Milwaukee, however, found that brief periods of IAC-CPR applied by paramedics in the field to patients unresponsive to initial defibrillation did not alter resuscitation success [19] . No study has yet shown that long-term survival is improved by IAC-CPR or that neurologic function among survivors is as good as or better than with standard CPR. Such evidence will probably be needed before IAC-CPR can be integrated into basic lifesupport protocols taught to lay persons and implemented on a national scale.
Regarding the safety of abdominal counterpulsation in CPR, liver laceration was not observed as a complication in the animal studies of Voorhees and associates [29, 30] . Hence, the trials of IAC-CPR in animals that also received trials of standard CPR must not have caused hepatic trauma. Likewise, in the clinical studies of Berryman, Howard, Mateer, and their coworkers [5, 17, 19] trauma to abdominal organs as a result of interposed abdominal compressions has not been reported.
Abdominal counterpulsation during CPR has not caused esophageal regurgitation in animal studies. Clinical studies to date have not found the incidence of regurgitation during abdominal counterpulsation to be significantly greater than that during standard CPR. Nonetheless, it is important to discuss the possibility of provoking regurgitation and subsequent aspiration by IAC-CPR. In our animals, a tracheal tube was securely in place, and gastric insufflation during ventilation did not occur. Gastric distention is a common sequela of mouth-to-mouth ventilation in humans [28] , and it is possible that abdominal pressure may induce vomiting after the stomach is distended with air. However, one may speculate that if the IAC-CPR technique were used consistently from the beginning of resuscitation, gastric distention might be entirely prevented by the abdominal counterpressure.
We have recently studied this possibility in the laboratory [4] . A canine model was employed in which a common ventilation pressure was applied to separate cuffed esophageal and tracheal tubes. Gas entering the stomach was collected via a preplaced gastrostomy tube leading to a bell spirometer. Gas entering the lungs was measured with a Wright Respirometer in series with the endotracheal tube. During standard CPR, measurable gastric gas volume was collected in 28 of 30 trials, with a mean value of 215 ml per ventilation. During IAC-CPR, in which abdominal pressure was maintained during ventilation after every fifth chest compression, measurable gastric gas was collected in only 15 of 30 trials, with a mean value of 40 ml per ventilation. These results support the hypothesis that abdominal counterpulsation performed from the outset of resuscitation tends to reduce the incidence of gastric insufflation and attendant complications. The most probable situation in which interposed abdominal compressions might induce regurgitation would be if the technique were added after a period of conventional CPR, as might occur after others come to the aid of a lone rescuer.
SUMMARY AND CONCLUSIONS
During the past 15 years, many different studies have documented improved blood pressure and blood flow above the diaphragm when some type of abdominal compression was .added to conventional CPR, either in animals or in humans. Rhythmically interposed abdominal compressions seem to provide even greater hemodynamic benefit than continuous abdominal binding. Both total flow and the distribution of flow to vital organs above the diaphragm are improved, while the chances of liver entrapment and damage during chest compression are reduced.
The technique of interposed abdominal compression can be performed with the bare hands of a second or third rescuer. It requires no special equipment, and could be easily incorporated into existing training programs for basic rescuers. In this sense the technique may constitute a logical evolution in basic life support, if subsequent clinical research confirms that it improves outcome.
